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ABSTRACT
The carrier lifetime in the anatase–rutile mixed TiO2 spans different time scales in experiments—from values close to those of pure TiO2
(∼1 ns) up to ∼20 ns—and correspondingly, photocatalytic activities also vary widely. However, the origin of this variability remains unclear.
Here, using our recently developed interface structure prediction method, ML-interface, we identify three atomic-matched interfaces between
anatase and rutile. Nonadiabatic molecular dynamics calculations reveal that electron transfer across all three interfaces is rapid, occur-
ring within 33 fs. In contrast, the carrier recombination lifetimes of the interfaces span 1.9–26.2 ns, indicating the importance of interface
structures. Notably, the (114)Anatase//(211)Rutile interface exhibits the longest carrier recombination lifetime (∼26 ns), thereby benefiting the
photocatalytic activity. These findings demonstrate that optimal photocatalytic performance arises from deliberate engineering of interface
structures, rather than from simple mixing of anatase and rutile phases.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0299972

I. INTRODUCTION

Anatase–rutile mixed TiO2, such as the well-known P25 (com-
posed of 80% anatase and 20% rutile),1–3 exhibits higher photo-
catalytic activity than pure-phase TiO2 in numerous reactions,2,4–10

such as water splitting7,10 and photocatalytic oxidation.11,12 In
mixed-phase TiO2, the anatase/rutile interface is considered the key
active site, as it promotes carrier separation, extends carrier life-
times, and thereby boosts photocatalytic efficiency.13,14 However,
reported carrier lifetimes in mixed-phase TiO2 exhibit considerable
inconsistencies, ranging from 0.49 to 20 ns,7,15–24 and the corre-
sponding photocatalytic activities also vary significantly, with some
studies showing performance comparable to pure TiO2,12,16 while
others report up to fourfold enhancements over the single phase.20,21

The lack of a consistent trend between phase mixing and activ-
ity implies that carrier dynamics are not dictated solely by phase
composition but are also intricately linked to the atomic structure

of the anatase/rutile interface. Therefore, a unified understanding
of how interfacial atomic configurations dictate carrier dynamics is
highly desirable.

Recent experimental studies have investigated the factors
governing charge carrier dynamics in TiO2-based photocatalysts.
Transient absorption spectroscopy (TAS) measurements on pure
anatase and rutile films have shown that intrinsic charge recom-
bination times are largely independent of size and porosity for
TiO2 particles.25,26 In contrast, time-resolved photoluminescence
measurements reveal that the presence of the anatase/rutile inter-
face slows the decay of photoluminescence, indicating that pho-
togenerated electrons and holes are efficiently transferred between
the two phases rather than recombining radiatively.16,24,27 Taken
together, these findings indicate that it is the atomic structure
of the anatase/rutile interface, rather than morphology or parti-
cle size, that primarily governs carrier dynamics in mixed-phase
TiO2.28
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In parallel, several theoretical studies have adopted nonadi-
abatic molecular dynamics (NAMD) simulations to calculate the
lifetime of photogenerated charge carriers. For instance, Wei et al.,29

building upon earlier work by the Deskins group,30 simulated an
anatase(100)//rutile(001) interface and reported an electron–hole
recombination lifetime of 6.6 ns, exceeding that of any single-phase
TiO2. Similarly, Wang et al.31 employed the adaptive genetic algo-
rithm (AGA) to model an anatase(101)//rutile(111) heterojunction,
predicting a recombination lifetime of ∼150 ns. Li et al.32 con-
structed an anatase(101)//rutile(110) heterojunction and obtained
a recombination lifetime as long as 786 ns. These results clearly
demonstrate that the carrier recombination dynamics in TiO2 are
highly sensitive to the atomic-scale interface structure, with different
heterojunction orientations leading to variations of several orders of
magnitude in the recombination timescale.

In this study, we employed our recently developed inter-
face structure prediction method, ML-interface, to explore the
atomic structures between anatase and rutile TiO2.33,34 Non-
adiabatic molecular dynamics was applied to evaluate car-
rier recombination dynamics at the anatase/rutile interface. We
identified three thermodynamically stable interface orientations:
(114)A//(211)R, (110)A//(011)R, and (110)A//(100)R. Among
them, the (114)A//(211)R interface exhibited fast electron trans-
fer (∼33 fs) from rutile to anatase and a long non-radiative
electron–hole recombination lifetime (∼26 ns), significantly exceed-
ing those of pure anatase or rutile phases. These results provide
fundamental atomic-scale insights into how interfacial structures
influence charge dynamics in mixed-phase TiO2.

II. METHODOLOGY
A. Interface structure prediction
and stability assessment

The anatase/rutile interface structures are constructed by the
ML-interface method, which involves three steps: (i) orientation
relationship (OR) screening to identify plausible crystallographic
alignments between the two phases, (ii) generation of candidate
interface atomic structures using graph-theoretical algorithms to
ensure chemically reasonable bonding, and (iii) global optimiza-
tion based on a global neural network potential to identify low-
energy atomic configurations. More details can be found in the
supplementary material and our previous literature.33–35

The stability of the interface is estimated by the interfacial
energy (γint) using the following equation:

γint =
E(biphase) − ΣiniEi(pure phase)

2A
, (1)

where E(biphase) is the total energy of the heterojunction,
Ei(pure phase) is the energy of a unit cell of the pure phase, ni
is the number of unit cells of the pure phase that make up the
heterojunction, and A is the surface area of the heterojunction
interface.

B. Nonadiabatic molecular dynamics
The carrier dynamics are calculated using nonadiabatic molec-

ular dynamics36–38 as implemented in the Hefei-NAMD code,39

in which classical nuclear trajectories are coupled to quantum
electronic states to describe nonadiabatic processes. In this

approach, both the nonadiabatic coupling (NAC) and decoherence
effects are key factors governing carrier dynamics. NAC deter-
mines the strength of electronic transitions along nuclear trajectories
and can be explicitly evaluated within the fewest-switches surface
hopping (FSSH) framework, which is sufficient to describe elec-
tronic evolution in strongly coupled states with large NAC, such
as carrier relaxation within a band. Decoherence, which governs
the loss of electronic coherence, must be explicitly introduced as a
correction to the FSSH dynamics, for example via the decoherence-
induced surface hopping (DISH) method, to accurately capture
carrier recombination in weakly coupled states.

To be specific, the NAC between states i and j (dij) is given by39

dij = ⟨φi∣
∂

∂t
∣φj⟩ =

⟨φi∣∇RH∣φj⟩

εj − εi
⋅ Ṙ, (2)

where H is the Kohn–Sham Hamiltonian; φi and φj are the wave-
functions of eigenstates i and j, respectively; εi and εj are the corre-
sponding energies; and Ṙ denotes the nuclear velocity. Equation (2)
shows that NAC is proportional to the electron–phonon coupling
matrix element ⟨φi∣∇RH∣φj⟩ and the nuclear velocity Ṙ, while being
inversely proportional to the energy difference εj − εi.

On the other hand, the decoherence time of carriers is esti-
mated using the pure-dephasing approach, which approximates the
full decoherence dynamics based on bandgap fluctuations of the
electronic states.40,41 These fluctuations can be quantified using the
unnormalized autocorrelation function (un-ACF),42

C(t) = ⟨ΔEg(t)ΔEg(0)⟩, (3)

where ΔEg(t) = Eg(t) − ⟨Eg⟩ is the deviation of the instantaneous
bandgap Eg(t) from its canonical average ⟨Eg⟩. The pure-dephasing
function is obtained via a double integration of the un-ACF,

D(t) = exp [−
1
h̵2∫

t

0
dt1∫

t1

0
dt2C(t2)]. (4)

The pure-dephasing time is then extracted by fitting D(t) to a
Gaussian function, y = exp [−0.5(t/τ)2

]. The pure-dephasing time
and the decoherence time are related by the following equation:

1
T2
=

1
2T1
+

1
T∗2

, (5)

where T2 is the decoherence time, T1 is the excited-state lifetime,
and T∗2 is the pure-dephasing time. Since the excited-state lifetime
is much longer than the pure-dephasing time during the carrier
recombination, the pure-dephasing time is often used as an approxi-
mation for the overall decoherence time. Equation (5) also indicates
that the above pure-dephasing approach may slightly overestimate
the decoherence time, leading to longer carrier lifetimes.43

C. Calculation details
All DFT calculations are performed using the plane wave

projector-augmented wave (PAW) method44 implemented in the
Vienna Ab initio Simulation Package (VASP) code.45–47 The
Perdew–Burke–Ernzerhof (PBE) functional, combined with the
DFT+U approach, is used to treat the strongly correlated 3d elec-
trons of transition-metal elements (U = 3.5 eV for Ti 3d orbitals).48

A kinetic energy cutoff of 450 eV was employed for the plane wave
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basis set. Considering the large supercell, only the Γ-point was used
for Brillouin zone sampling.

The NAMD simulations were performed using the following
setups. The system was first equilibrated at 300 K in the canonical
ensemble (NVT) using velocity rescaling. Then, a 5 ps microcanoni-
cal (NVE) molecular dynamics trajectory was generated with a time
step of 1 fs. The last 3 ps of the NVE trajectory were used as the
basis for NAMD simulations. NAMD results were obtained by aver-
aging over 100 distinct initial configurations sampled from the MD
trajectory. For each initial configuration, NAMD were simulated
by propagating 2 × 104 independent trajectories using the FSSH
method for carrier relaxation within bands and 1 × 103 independent
trajectories using the DISH method for carrier recombination.

III. RESULTS AND DISCUSSION
A. Geometry and electronic structure

By exploring 2344 likely interface ORs and 52 495 struc-
tural minima, we identified three lattice-matched interfaces with
strain less than 9% and interfacial energy below 1.7 J/m2. The
identified heterojunction interface structures—(114)A//(211)R,
(110)A//(011)R, and (110)A//(100)R are shown in Fig. 1(a), while
the lattice size, strains, and interfacial energies are summarized in
Table I. Among them, (114)A//(211)R has the lowest interfacial
energy (1.33 J/m2), followed by (110)A//(011)R (1.39 J/m2) and
(110)A//(100)R (1.65 J/m2).

The density of states (DOS) for the three interfaces [Fig. 1(b)]
shows that all structures exhibit type-II band alignment, where both
the conduction band minimum (CBM) and valence band maximum
(VBM) of the rutile part lie higher (more positive in energy) than
those of the anatase part, without introducing any midgap states.
For instance, the (114)A//(211)R interface features a band offset
of 0.38 eV for the CBM and 0.30 eV for the VBM, leading to a
bandgap of 1.67 eV. Such offsets drive photogenerated electrons to
preferentially migrate to anatase while holes accumulate in rutile,
consistent with recent experimental observations of electron trans-
fer from rutile to anatase.21,49,50 The corresponding spatial partial
charge densities [Fig. 1(c)] confirm the absence of interface states
and reveal well-separated frontier states, with the CBM and VBM
localized in the anatase and rutile parts, respectively. For complete-
ness, HSE06 calculations were also performed and yield qualitatively
the same conclusions (see Fig. S3 of the supplementary material).
Collectively, these features indicate a clean and coherent interface
that is favorable for efficient charge-carrier separation.

The structural integrity of the coherent interface can be directly
attributed to the atomic arrangements at the interface. In bulk rutile
and anatase, Ti atoms are six-coordinated and O atoms are three-
coordinated. At the interface, slight relaxation and distortions allow
a few Ti atoms to adopt four- or five-coordination and a few O atoms
to adopt two-coordination, enabling the lattice to adjust locally
without creating dangling bonds or interface states. This atomic-
level flexibility accommodates lattice mismatch between the rutile
and anatase phases, directly supporting the formation of coherent,
defect-free interfaces.

B. Carrier dynamics
In this section, we perform nonadiabatic molecular dynamics

simulations to investigate the photoinduced carrier dynamics at

the anatase/rutile interfaces. We first focused on carrier relaxation
within the conduction and valence bands, using the fewest-switches
surface hopping to track the redistribution of photoexcited carriers.
Subsequently, the interband (nonradiative) electron–hole recombi-
nation across the bandgap is examined using decoherence-induced
surface hopping, which accounts for decoherence effects that gov-
ern recombination dynamics. Together, both simulations provide
a complete picture of carrier relaxation and recombination in the
heterostructures.

1. Intraband carrier relaxation and charge separation
The initial location of photoexcited carriers is critical in NAMD

simulations, as it directly influences subsequent intraband relax-
ation pathways and interfacial charge-transfer dynamics. In the
anatase/rutile interface, the excited electrons preferentially localize
in the rutile region owing to its smaller, direct bandgap compared
with anatase.22,29 Motivated by this property, the initial excited elec-
trons in our NAMD simulations were placed in the lowest-energy
conduction-band states localized within the rutile region [CBM+2,
CBM+1, and CBM+4 for (114)A//(211)R, (110)A//(011)R, and
(110)A//(100)R, respectively].

Starting from this initial excitation setup, we simulate the
carrier relaxation of these photoexcited electrons within the con-
duction band, specifically the CBM+n → CBM transition. In this
process, the CBM is delocalized in the anatase region, such that
the relaxation of electrons from rutile-localized CBM+n states cor-
responds to an electron transfer process from rutile to anatase.
Figures 2(a)–2(c) present the time evolution of the average energies
and orbital populations of the excited electrons. The populations of
the higher-energy conduction-band states (dashed blue lines) decay
rapidly across all three heterostructures (within 200 fs). By fitting the
population decay [Figs. 2(d)–2(f)] using a single-exponential func-
tion P(t) = exp (−t/τ), the relaxation lifetimes (τ1) are 33, 27, and
17 fs for (114)A//(211)R, (110)A//(011)R, and (110)A//(100)R,
respectively. These results indicate that electrons initially excited in
rutile can efficiently transfer across the interface into anatase.

In a similar manner, we simulated the relaxation of holes within
the valence band (VBM-n → VBM). Here, the VBM-n states cor-
respond to the highest-energy orbitals localized in rutile [VBM-38,
VBM-8, and VBM-21 for (114)A//(211)R, (110)A//(011)R, and
(110)A//(100)R, respectively]. The results show that holes also relax
efficiently from these higher-energy states to the VBM, with relax-
ation lifetimes of 10, 15, and 11 fs for the three heterostructures,
respectively (see Fig. S4 of the supplementary material). As the
relaxed holes occupy the VBM states that are delocalized in rutile,
whereas the relaxed electrons reside in the anatase CBM, photogen-
erated carriers can thus be effectively separated across the interface,
with anatase serving as an efficient electron acceptor.

To further understand the physical origin of the fast interfa-
cial carrier transfer dynamics, we analyzed the nonadiabatic cou-
plings (NACs) of the three interfaces, as shown in Fig. 3. The
results show that NAC values between electronic states—including
both conduction- and valence-band orbitals—are appreciable
(∼47–210 meV). For each state, one or two couplings stand out as
significantly larger than the others (visible as bright yellow, orange,
or purple blocks in each row of Fig. 3), typically arising between
energetically adjacent orbitals such as CBM+1 and CBM+2, with
magnitudes comparable to those in single-phase TiO2. These results

J. Chem. Phys. 163, 214701 (2025); doi: 10.1063/5.0299972 163, 214701-3

Published under an exclusive license by AIP Publishing

 
2
6
 
M
a
r
c
h
 
2
0
2
6
 
0
9
:
4
8
:
3
7

https://pubs.aip.org/aip/jcp
https://doi.org/10.60893/figshare.jcp.c.8133824
https://doi.org/10.60893/figshare.jcp.c.8133824


The Journal
of Chemical Physics ARTICLE pubs.aip.org/aip/jcp

FIG. 1. Structures and electronic structures of anatase–rutile interfaces. Atomic structures (a), density of states (b), and partial charge densities (c) of anatase–rutile
interfaces. Gray balls are the Ti atoms and red balls are the O atoms.
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TABLE I. Lattice size, strains, interfacial energies, and bandgaps of anatase–rutile interfaces.

Interface
a

(Å)
b

(Å)
γ

(deg)
Thicknessa

(Å)
Number
of atoms

Strain
(%)

γint
(J/m2)

Band
gap (eV)

(114)A//(211)R 11.21 7.42 108.92 33.21 216 6.4 1.33 1.67
(110)A//(011)R 11.10 9.54 89.77 33.15 288 1.8 1.39 2.00
(110)A//(100)R 11.15 11.09 64.12 37.57 336 8.9 1.65 1.87
aTotal thickness of the anatase and rutile phases at the interface.

FIG. 2. Decay of excited electrons within the conduction band at anatase–rutile interfaces obtained from NAMD simulations: (114)A//(211)R(left column),
(110)A//(011)R (middle column), and (110)A//(100)R(right column). (a)–(c) Time-dependent energy changes for electron transfer. (d)–(f) Time-dependent spatial
charge localization of electron transfer. Gray lines: CBM+7, pink lines: CBM+6, brown lines: CBM+5, purple lines: CBM+4, red lines: CBM+3, green lines: CBM+2, orange
lines: CBM+1, and blue lines: CBM.

FIG. 3. Average nonadiabatic couplings between states from VBM-10 to CBM+10 along NAMD trajectories: (114)A//(211)R (a), (110)A//(011)R (b), and
(110)A//(100)R (c).
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indicate that, despite the partial localization of wavefunctions in
either rutile or anatase, the interfacial overlap remains significant
and provides efficient pathways for carrier separation.

2. Interband carrier recombination
After charge separation, the carriers reside at the interface

between the CBM and VBM, with the CBM located in anatase
and the VBM in rutile. The recombination rate between the VBM
and CBM is, therefore, critical to determining the overall photo-
catalytic efficiency or quantum yield. To this end, we computed
the recombination dynamics using the DISH approach and com-
pared them across the three heterostructures. Figure 4 shows the
time evolution of excited-electron populations during electron–hole
recombination in the three heterostructures, where the decay of
the excited-state population (orange curve) is accompanied by a
corresponding increase in the ground-state population (blue curve).

By using single exponential fitting, the carrier recombina-
tion lifetimes (τ2) are 26.2, 6.9, and 1.9 ns for (114)A//(211)R,
(110)A//(011)R, and (110)A//(100)R, respectively. In comparison,
Table II summarizes the previously reported carrier recombina-
tion lifetimes in pure anatase and rutile TiO2.29,31,51

(114)A//(211)R
exhibits a significantly prolonged recombination lifetime of 26.2 ns,
far exceeding that of either pure anatase or pure rutile. This high-
lights the effectiveness of its specific interfacial configuration in
suppressing electron–hole recombination and thereby enhancing
charge separation. (110)A//(011)R also shows an extended life-
time (6.9 ns), suggesting moderately improved carrier separation
relative to the pure phases. In contrast, (110)A//(100)R displays
a much shorter recombination lifetime (1.9 ns), comparable to
those observed in pure TiO2. These results not only fall within
the range reported in previous experiments7,15–22 but also provide
a clear structural explanation for the previously observed order-
of-magnitude variation in recombination lifetimes, highlighting the
decisive role of orientation and atomic structure of the interface in
carrier dynamics.

It should be noted that the recombination lifetime can be
affected by the size of the supercell. In general, a larger supercell
leads to a longer carrier lifetime (and vice versa), as it corresponds
to a lower carrier concentration.52 To further examine this effect, we
performed a NAMD simulation on a doubled-size (114)A//(211)R
interface (with 432 atoms), which showed that the recombina-
tion lifetime increased from 26.2 to 35.6 ns, consistent with the

TABLE II. Electron lifetimes in single-phase TiO2 obtained from NAMD simulations in
the literature.

References
Temperature

(K)
Lifetime

in anatase (ns)
Lifetime

in rutile (ns)

29 300 2.27 0.10
31 100 7.5 0.5

51
100 ⋅ ⋅ ⋅ 3.92
300 ⋅ ⋅ ⋅ 3.11
700 ⋅ ⋅ ⋅ 0.65

general trend. Nevertheless, the size effect does not change the
order of recombination lifetime at three interfaces. Notably, the
(114)A//(211)R interface with the longest carrier recombination
time actually has the smallest supercell among the three interfaces
(see Table I). Therefore, scaling the three interfaces to the same
size would only result in (114)A//(211)R having an even longer
recombination time than the other two interfaces.

The recombination lifetime can also be influenced by the dis-
similar bandgaps estimated by different functionals. For instance,
the bandgap of (114)A//(211)R is 1.67 and 2.47 eV using PBE+U
and HSE06, respectively. Accordingly, the NAC calculated using
HSE06 is smaller than that obtained using PBE+U [see Eq. (2)], lead-
ing to a longer recombination lifetime. Nevertheless, the increase
in bandgaps from PBE+U to HSE06 is similar for the three inter-
faces, with values ranging from 0.80 to 0.88 eV (see Table S1 of
the supplementary material). As a result, the reductions in NAC
for all three interfaces are comparable, leading to similar exten-
sions of the recombination lifetimes. Altogether, the use of HSE06
does not change the order of recombination lifetimes for the three
interfaces.

The significantly extended recombination lifetime of (114)A//

(211)R can be attributed to the combined effects of NAC and
electronic decoherence. We first focus on the role of NAC. As sum-
marized in Table III, (114)A//(211)R exhibits a markedly weaker
NAC (0.31 meV), compared with 0.74 meV for (110)A//(011)R and
1.06 meV for (110)A//(100)R. According to Fermi’s golden rule,53

the recombination rate scales with the square of the NAC magni-
tude between the involved electronic states, meaning that a smaller
NAC directly reduces the recombination probability. This reduction

FIG. 4. Nonradiative electron–hole recombination dynamics at the (114)A//(211)R (a), (110)A//(011)R (b), and (110)A//(100)R (c) interfaces. Orange lines represent
the time evolution for electron populations in CBM, while blue lines represent the time evolution of electron populations in VBM.
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TABLE III. Standard deviation of bandgap, pure-dephasing time, NAC, and carrier recombination lifetime at anatase–rutile
interfaces.

Interface σ g (eV)
Pure-dephasing

time (fs) NAC (meV)
Carrier recombination

lifetime (ns)

(114)A//(211)R 0.112 4.37 0.31 26.2
(110)A//(011)R 0.090 5.66 0.74 6.9
(110)A//(100)R 0.077 6.48 1.06 1.9

FIG. 5. (a) Time evolution of the bandgaps. (b) Pure-dephasing functions and corresponding pure-dephasing times for the electronic transfer from CBM to VBM. (c) RDF
curves of Ti–Ti pairs in anatase–rutile interfaces.

in NAC thus serves as a primary factor underlying the prolonged
carrier lifetime at (114)A//(211)R interface.

On the other hand, electronic decoherence also plays a critical
role, as rapid loss of coherence can strongly suppress carrier recom-
bination.54 To quantify this effect, we evaluated the pure-dephasing
time of the simulated heterojunctions [see Fig. 5(b)]. These func-
tions capture the temporal decay of quantum coherence between
the CBM and VBM states, thereby providing a direct measure of
how long electronic superpositions can be sustained during the
recombination process. By fitting the dephasing curves with Gaus-
sian functions, we extracted the characteristic decoherence times
as 4.37 fs for (114)A//(211)R, 5.66 fs for (110)A//(011)R, and
6.48 fs for (110)A//(100)R, as summarized in Table III. These values
reveal distinct coherence lifetimes at the different heterointerfaces,
highlighting the sensitivity of carrier dynamics to interfacial atomic
structure.

To understand the behavior of the decoherence times, we
examined the time-dependent fluctuations of the bandgaps [see
Fig. 5(a)], which are known to influence coherence decay: Larger
fluctuations generally lead to faster dephasing.42 The fluctua-
tion amplitude was quantified using the standard deviation (σ g),
defined as

σg =

√

⟨(Eg(t) − ⟨Eg⟩)
2
⟩, (6)

where Eg(t) denotes the instantaneous energy gap at time t,
and ⟨Eg⟩ is the canonical average gap energy over the trajec-
tory. As listed in Table III, the calculated σg values follow the
trend: (110)A//(100)R (0.112 eV) > (110)A//(011)R (0.090 eV)

> (114)A//(211)R (0.077 eV). This trend well explains the
differences in decoherence times, as faster coherence decay cor-
responds to larger energy gap fluctuations, consistent with the
inverse relationship between σ g and the dephasing time. Altogether,
the combination of a weaker NAC, faster electronic decoherence,
and larger energy gap fluctuations of structure (114)A//(211)R
jointly suppress carrier recombination, providing a mechanistic
explanation for its prolonged lifetime.

In addition to the weak NAC and short pure-dephasing
time, it is of interest to understand why the carrier lifetime at
(114)A//(211)R interface is particularly long in relation to its
interfacial structure. To this end, we analyze the radial distribu-
tion functions (RDFs) of the three interfaces [see Fig. 5(c)]. We
found that the first-neighbor Ti–Ti peak (centered at 2.9 Å) for
the (114)A//(211)R interface exhibits a narrow width compared to
the Ti–Ti first-neighbor peaks for the other two interfaces, indicat-
ing the (114)A//(211)R interface has the most ordered structure,
with less distortion of Ti–O polyhedra. In contrast, the broader
peaks observed for the other two interfaces suggest the presence of
atomic distortions at the interface. These distortions can perturb the
wavefunction, which shortens the carrier recombination time.

IV. CONCLUSIONS
In summary, using the ML-interface method, we identified

three energetically stable, atomically matched anatase/rutile inter-
faces with type-II band alignment. Across these well-matched
interfaces, photogenerated carriers can migrate with minimal bar-
rier, enabling ultrafast charge separation within 40 fs, with elec-
trons localized in anatase and holes in rutile. Among them, the
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(114)A//(211)R orientation stands out for its low interfacial energy
of 1.33 J/m2 and exceptionally long nonradiative electron–hole
recombination lifetime of 26.2 ns, compared with 6.9 ns for
(110)A//(011)R and 1.9 ns for (110)A//(100)R. This extended
lifetime arises from the synergistic effect of weak nonadiabatic
coupling (0.31 meV) and short decoherence times (4.37 fs), indicat-
ing atomic-scale interface orientation governs both ultrafast carrier
separation and prolonged recombination dynamics. Overall, these
results demonstrate that high photocatalytic activity requires not
only the presence of both anatase and rutile phases but also the
deliberate engineering of specific interface orientations to maximize
performance.

SUPPLEMENTARY MATERIAL

The supplementary material provides (i) details of the ML-
interface method, (ii) electronic structures of the interfaces calcu-
lated by the HSE06 functional, and (iii) hole relaxation dynamics
within the valence band.
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